Hadron Energy Reconstruction for the ATLAS Calorimetry in the Framework of the Non-parametrical Method by Kulchitskii, Yu A
Hadron Energy Reconstruction for the ATLAS Calorimetry
in the Framework of the Non-parametrical Method
ATLAS Collaboration (Calorimetry and Data Acquisition)
S. Akhmadaliev21, P. Amaral15,a, G. Ambrosini9, A. Amorim15,a, K. Anderson10,
M.L. Andrieux14 , B. Aubert1, E. Auge´22, F. Badaud11, L. Baisin9, F. Barreiro16,
G. Battistoni19 , A. Bazan1, K. Bazizi30, A. Belymam8, D. Benchekroun8 ,
S. Berglund33 , J.C. Berset9, G. Blanchot4, A. Bogush20, C. Bohm33, V. Boldea7,
W. Bonivento19,101, M. Bosman4, N. Bouhemaid11, D. Breton22, P. Brette11,
C. Bromberg18, J. Budagov13, S. Burdin25, L. Caloba31, F. Camarena37,
D.V. Camin19, B. Canton23, M. Caprini17, J. Carvalho15,b, P. Casado4,
M.V. Castillo37, D. Cavalli19, M. Cavalli-Sforza4 , V. Cavasinni25, R. Chadelas11,
M. Chalifour32, L. Chekhtman21, J.L. Chevalley9, I. Chirikov-Zorin13 ,
G. Chlachidze13,102, M. Citterio6, W.E. Cleland26, C. Clement34, M. Cobal9,
F. Cogswell36, J. Colas1, J. Collot14, S. Cologna25, S. Constantinescu7 , G. Costa19,
D. Costanzo25, M. Crouau11, F. Daudon11, J. David23, M. David15,a, T. Davidek27,
J. Dawson2, K. De3, C. de la Taille22, J. Del Peso16, T. Del Prete25, P. de
Saintignon14 , B. Di Girolamo9, B. Dinkespiller17,103, S. Dita7, J. Dodd12, J. Dolejsi27,
Z. Dolezal27, R. Downing36, J.-J. Dugne11, D. Dzahini14, I. Efthymiopoulos9 ,
D. Errede36, S. Errede36, H. Evans10, G. Eynard1, F. Fassi37, P. Fassnacht9,
A. Ferrari19, A. Ferrari14, A. Ferrer37, V. Flaminio25, D. Fournier22, G. Fumagalli24,
E. Gallas3, M. Gaspar31, V. Giakoumopoulou40 , F. Gianotti9, O. Gildemeister9,
N. Giokaris40, V. Glagolev13, V. Glebov30, A. Gomes15,a, V. Gonzalez37, S. Gonzalez
De La Hoz37, V. Grabsky39, E. Grauges4, Ph. Grenier11, H. Hakopian39, M. Haney36,
C. Hebrard11, A. Henriques9, L. Hervas9, E. Higon37, S. Holmgren33,
J.Y. Hostachy14, A. Hoummada8, J. Huston18, D. Imbault23, Yu. Ivanyushenkov4 ,
P. Jenny9, S. Jezequel1, E. Johansson33 , K. Jon-And33, R. Jones9, A. Juste4,
S. Kakurin13, A. Karyukhin29, Yu. Khokhlov29, J. Khubua13,102, V. Klyukhin29,
G. Kolachev21, S. Kopikov29, M. Kostrikov29, V. Kozlov21, P. Krivkova27,
V. Kukhtin13, M. Kulagin29, Y. Kulchitsky20,13,104, M. Kuzmin20,13, L. Labarga16,
G. Laborie14, D. Lacour23, B. Laforge23, S. Lami25, V. Lapin29, O. Le Dortz23,
M. Lefebvre38 T. Le Flour1, R. Leitner27, M. Leltchouk12, J. Li3, M. Liablin13,
O. Linossier1, D. Lissauer6, F. Lobkowicz30, M. Lokajicek28 , Yu. Lomakin13,
J.M. Lopez Amengual37, B. Lund-Jensen34 , A. Maio15,a, D. Makowiecki6,
S. Malyukov13, L. Mandelli19, B. Mansoulie´32 , L. Mapelli9, C.P. Marin9,
P. Marrocchesi25 , F. Marroquin31 , Ph. Martin14, A. Maslennikov21 , N. Massol1,
101Now at INFN, Cagliari, Italy.
102On leave from HEPI, Tbisili State University, Georgia.
103Now at SMU, Dallas, USA
104Corresponding author. E-mail Iouri.Koultchitski@cern.ch
1
L. Mataix37, M. Mazzanti19, E. Mazzoni25, F. Merritt10, B. Michel11, R. Miller18,
I. Minashvili13,102 , L. Miralles4, E. Mnatsakanian39 , E. Monnier17, G. Montarou11,
G. Mornacchi9, M. Moynot1, G.S. Muanza11, P. Nayman23, S. Nemecek28, M. Nessi9,
S. Nicoleau1, M. Niculescu9 J.-M. Noppe22, A. Onofre15,c, D. Pallin11, D. Pantea7,
R. Paoletti25, I.C. Park4, G. Parrour22, J. Parsons12, A. Pereira31, L. Perini19,
J.A. Perlas4, P. Perrodo1, J. Pilcher10, J. Pinhao15,b, H. Plothow-Besch11, L. Poggioli9,
S. Poirot11, L. Price2, Y. Protopopov29, J. Proudfoot2, P. Puzo22, V. Radeka6,
D. Rahm6, G. Reinmuth11, G. Renzoni25, S. Rescia6, S. Resconi19, R. Richards18,
J.-P. Richer22, I. Riu4, C. Roda25, S. Rodier16, J. Roldan37, J.B. Romance37,
V. Romanov13, P. Romero16, F. Rossel23, N. Russakovich13 , P. Sala19, E. Sanchis37,
H. Sanders10, C. Santoni11, J. Santos15,a, D. Sauvage17, G. Sauvage1, L. Sawyer3,
L.-P. Says11, A.-C. Schaffer22, P. Schwemling23, J. Schwindling32 ,
N. Seguin-Moreau22 , W. Seidl9, J.M. Seixas31, B. Sellden33, M. Seman12,
A. Semenov13, L. Serin22, E. Shaldaev21, M. Shochet10, V. Sidorov29, J. Silva15,a,
V. Simaitis36, S. Simion32,105, A. Sissakian13, R. Snopkov21, J. Soderqvist34,
A. Solodkov11, A. Soloviev13, I. Soloviev35,9, P. Sonderegger9 , K. Soustruznik27 ,
F. Spano’25, R. Spiwoks9, R. Stanek2, E. Starchenko29 , P. Stavina5, R. Stephens3,
M. Suk27, A. Surkov29, I. Sykora5, H. Takai6, F. Tang10, S. Tardell33, F. Tartarelli19,
P. Tas27, J. Teiger32, F. Teubert4, J. Thaler36, J. Thion1, Y. Tikhonov21, S. Tisserant17,
S. Tokar5, N. Topilin13, Z. Trka27, M. Turcotte3, S. Valkar27, M.J. Varanda15,a,
A. Vartapetian39 , F. Vazeille11, I. Vichou4, V. Vinogradov13, S. Vorozhtsov13 ,
V. Vuillemin9, A. White3, M. Wielers14,106, I. Wingerter-Seez1 , H. Wolters15,c,
N. Yamdagni33, C. Yosef18, A. Zaitsev29, R. Zitoun1, Y.P. Zolnierowski1
1 LAPP, Annecy, France
2 Argonne National Laboratory, USA
3 University of Texas at Arlington, USA
4 Institut de Fisica d’Altes Energies, Universitat Auto`noma de Barcelona, Spain
5 Comenius University, Bratislava, Slovak Republic
6 Brookhaven National Laboratory, Upton, USA
7 Horia Hulubei National Institute for Physics and Nuclear Engineering, IFIN-HH,
Bucharest, Romania
8 Faculte´ des Sciences Ain Chock, Universitee´ Hassan II, Casablanca, Morocco
9 CERN, Geneva, Switzerland
10 University of Chicago, USA
11 LPC Clermont–Ferrand, Universite´ Blaise Pascal / CNRS–IN2P3, France
12 Nevis Laboratories, Columbia University, Irvington NY, USA
13 JINR Dubna, Russia
14 ISN, Universite´ Joseph Fourier /CNRS-IN2P3, Grenoble, France
105Now at Nevis Laboratories, Columbia University, Irvington NY, USA.
106Now at TRIUMF, Vancouver, Canada.
2
15 (a) LIP-Lisbon and FCUL-Univ. of Lisbon, (b) LIP-Lisbon and FCTUC-Univ. of
Coimbra,
(c) LIP-Lisbon and Univ. Catolica Figueira da Foz
16 Univ. Autonoma Madrid, Spain
17 CPPM, Marseille, France
18 Michigan State University, USA
19 Milano University and INFN, Milano, Italy
20 Institute of Physics, National Academy of Sciences, Minsk, Belarus
21 Budker Institute of Nuclear Physics, Novosibirsk, Russia
22 LAL, Orsay, France
23 LPNHE, Universites de Paris VI et VII, Paris, France
24 Pavia University and INFN, Pavia, Italy
25 Pisa University and INFN, Pisa, Italy
26 University of Pittsburgh, Pittsburgh, Pennsylvania, USA
27 Charles University, Prague, Czech Republic
28 Academy of Science, Prague, Czech Republic
29 Institute for High Energy Physics, Protvino, Russia
30 Department of Physics and Astronomy, University of Rochester, New York, USA
31 COPPE/EE/UFRJ, Rio de Janeiro, Brazil
32 CEA, DSM/DAPNIA/SPP, CE Saclay, Gif-sur-Yvette, France
33 Stockohlm University, Sweden
34 Royal Institute of Technology, Stockholm, Sweden
35 PNPI, Gatchina, St. Petersburg, Russia
36 University of Illinois, Urbana, USA
37 IFIC Valencia, Spain
38 University of Victoria, British Columbia, Canada
39 Yerevan Physics Institute, Armenia
40 Athens University, Athens, Greece
3
Abstract
This paper discusses hadron energy reconstruction for the ATLAS
barrel prototype combined calorimeter (consisting of a lead-liquid ar-
gon electromagnetic part and an iron-scintillator hadronic part) in the
framework of the non-parametrical method. The non-parametrical me-
thod utilizes only the known e/h ratios and the electron calibration con-
stants and does not require the determination of any parameters by a min-
imization technique. Thus, this technique lends itself to an easy use in a
first level trigger. The reconstructed mean values of the hadron energies
are within 1% of the true values and the fractional energy resolution is
[(58  3)%/pE + (2.5  0.3)%]  (1.7  0.2)/E. The value of the
e/h ratio obtained for the electromagnetic compartment of the combined
calorimeter is 1.74  0.04 and agrees with the prediction that e/h > 1.7
for this electromagnetic calorimeter. Results of a study of the longitudi-
nal hadronic shower development are also presented. The data have been
taken in the H8 beam line of the CERN SPS using pions of energies from
10 to 300 GeV.
Codes PACS: 29.40.Vj, 29.40.Mc, 29.85.+c.
Keywords: Calorimetry, Combined Calorimeter, Shower Counter, Com-
pensation, Energy Measurement, Computer Data Analysis.
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1 Introduction
The key question for calorimetry in general, and hadronic calorimetry in par-
ticular, is that of energy reconstruction. This question becomes especially
important when a hadronic calorimeter has a complex structure incorporating
electromagnetic and hadronic compartments with different technologies. This
is the case for the central (barrel) calorimetry of the ATLAS detector which
has the electromagnetic liquid argon accordion and hadronic iron-scintillator
Tile calorimeters [1, 2, 3]. A view of the ATLAS detector, including the two
calorimeters, is shown in Fig. 1.
In this paper, we describe a non-parametrical method of energy reconstruc-
tion for a combined calorimeter known as the e=h method, and demonstrate
its performance using the test beam data from the ATLAS combined prototype
calorimeter. For the energy reconstruction and description of the longitudinal
development of a hadronic shower, it is necessary to know the e=h ratios, the
degree of non-compensation, of these calorimeters. Detailed information about
the e=h ratio for the ATLAS Tile barrel calorimeter is presented in [2, 4, 5, 6, 7]
while much less was done so far for the liquid argon electromagnetic calorime-
ter [8, 9, 10]. An additional aim of the present work, then, is to also determine
the value of the e=h ratio for the electromagnetic compartment.
Another important question for hadron calorimetry is that relating to the
longitudinal development of hadronic showers. This question is especially im-
portant for a combined calorimeter because of the different degrees of non-
compensation for the separate calorimeter compartments. Information about
the longitudinal hadronic shower development is very important for fast and
full hadronic shower simulations and for fast energy reconstruction in a first
level trigger. This work is also devoted to the study of the longitudinal hadronic
shower development in the ATLAS combined calorimeter.
This work has been performed using the 1996 combined test beam data
[11, 12] taken in the H8 beam line of the CERN SPS using pions of energies
from 10 to 300 GeV.
2 Combined Calorimeter
The combined calorimeter prototype setup is shown in Fig. 2, along with a def-
inition of the coordinate system used for the test beam. The LAr calorimeter
prototype is housed inside a cryostat with the hadronic Tile calorimeter proto-
type located downstream.
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The beam line is in the Y Z plane at 12 degrees from the Z axis. With this
angle the two calorimeters have an active thickness of 10.3 interaction lengths
(I). The beam quality and geometry were monitored with a set of scintilla-
tion counters S1 – S4, beam wire chambers BC1 – BC3 and trigger hodoscopes
(midsampler) placed downstream of the cryostat. To detect punchthrough parti-
cles and to measure the effect of longitudinal leakage a “muon wall” consisting
of 10 scintillator counters (each 2 cm thick) was located behind the calorimeters
at a distance of about 1 metre.
The liquid argon electromagnetic calorimeter prototype consists of a stack
of three azimuthal modules, each module spanning 9 in azimuth and extending
over 2000 mm along the Y direction. The calorimeter structure is defined by
2.2 mm thick steel-plated lead absorbers folded into an accordion shape and
separated by 3.8 mm gaps filled with liquid argon. The signals are collected
by three-layer copper-polyamide electrodes located in the gaps. The calorime-
ter extends from an inner radius of 1315 mm to an outer radius of 1826 mm,
representing (in the Z direction) a total of 25 radiation lengths (X0), or 1.22
I for protons. The calorimeter is longitudinally segmented into three com-
partments of 9 X0, 9 X0 and 7 X0, respectively. The    segmentation is
0:018 0:02 for the first two longitudinal compartments and 0:036 0:02 for
the last compartment. Each read-out cell has full projective geometry in  and
. The cryostat has a cylindrical shape, with a 2000 mm internal diameter (filled
with liquid argon), and consists of an 8 mm thick inner stainless-steel vessel,
isolated by 300 mm of low-density foam (Rohacell), which is itself covered by
a 1.2 mm thick aluminum outer wall. A presampler was mounted in front of
the electromagnetic calorimeter. The presampler has fine strips in the  direc-
tion and covers ≈ 11  8 in    LAr calorimeter cells in the region of the
beam impact. The active depth of liquid argon in the presampler was 10 mm
and the strip spacing 3.9 mm. Early showers in the liquid argon were kept to
a minimum by placing light foam material (Rohacell) in the cryostat upstream
of the LAr electromagnetic calorimeter. The total amount of material between
BC3 and LAr calorimeter is near 0:2I . More details about this prototype can
be found in [1, 10].
The hadronic Tile calorimeter is a sampling device which uses steel as the
absorber and scintillating tiles as the active material [2]. A conceptual design
of this calorimeter geometry is shown in Fig. 3. The innovative feature of the
design is the orientation of the tiles which are placed in planes perpendicular
to the Y direction [13]. The absorber structure is a laminate of steel plates
of various dimensions stacked along Y . The basic geometrical element of the
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stack is denoted as a period. A period consists of a set of two master plates
(large trapezoidal steel plates, 5 mm thick, spanning along the entire Z dimen-
sion) and one set of spacer plates (small trapezoidal steel plates, 4 mm thick,
100 mm wide along Z). During construction, the half-period elements are pre-
assembled starting from an individual master plate and the corresponding 9
spacer plates. The relative position of the spacer plates in the two half periods
is staggered in the Z direction, to provide pockets in the structure for the sub-
sequent insertion of the scintillating tiles. Each stack, termed a module, spans
2=64 in the azimuthal angle (X dimension), 1000 mm in the Y direction and
1800 mm in the Z direction (about 9 I or about 80 X0). The module front
face, exposed to the beam particles, covers 1000200 mm2. The scintillating
tiles are made out of polystyrene material of thickness 3 mm, doped with scin-
tillating and wavelength-shifting dyes. The iron to scintillator ratio is 4:67 : 1
by volume. The tile calorimeter thickness along the beam direction at the in-
cidence angle of 12 (the angle between the incident particle direction and the
normal to the calorimeter front face) corresponds to 1.5 m of iron equivalent
length.
Wavelength shifting fibers collect the scintillation light from the tiles at both
of their open (azimuthal) edges and transport it to photo-multipliers (PMTs) at
the periphery of the calorimeter (Fig. 3). Each PMT views a specific group of
tiles through the corresponding bundle of fibers. The prototype Tile calorimeter
used for this study is composed of five modules stacked in the X direction, as
shown in Fig. 2.
The modules are longitudinally segmented (along Z) into four depth seg-
ments. The readout cells have a lateral dimension of 200 mm along Y , and
longitudinal dimensions of 300, 400, 500, 600 mm for depth segments 1 – 4,
corresponding to 1.5, 2, 2.5 and 3 I , respectively. Along the X direction, the
cell sizes vary between about 200 and 370 mm depending on the Z coordinate
(Fig. 2). More details of this prototype can be found in [1, 14, 15, 4, 16, 17].
The energy release in 100 different cells was recorded for each event [14].
The data have been taken in the H8 beam line of the CERN SPS using
pions of energy 10, 20, 40, 50, 80, 100, 150 and 300 GeV. We have applied
some cuts similar to [11, 12] in order to eliminate the non-single track pion
events, the beam halo, the events with an interaction before the liquid argon
calorimeter, and the electron and muon events. The set of cuts adopted is as
follows: single-track pion events were selected by requiring the pulse height
of the beam scintillation counters and the energy released in the presampler of
the electromagnetic calorimeter to be compatible with that for a single particle;
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the beam halo events were removed with appropriate cuts on the horizontal and
vertical positions of the incoming track impact point and the space angle with
respect to the beam axis as measured with the beam chambers; a cut on the total
energy rejects incoming muons.
3 The e=h Method of Energy Reconstruction
An hadronic shower in a calorimeter can be seen as an overlap of a pure elec-
tromagnetic and a pure hadronic component. In this case an incident hadron
energy is E = Ee +Eh. The calorimeter response, R, to these two components
is usually different [18, 19] and can be written as:
R = e  Ee + h  Eh ; (1)
where e (h) is a coefficient to rescale the electromagnetic (hadronic) energy
content to the calorimeter response. A fraction of an electromagnetic energy of
a hadronic shower is fpi0 = Ee=E, than R = e  fpi0  E + h  (E − fpi0  E) =

















1 + (e=h− 1)  fpi0 : (3)
The dependence of fpi0 from the incident hadron energy can be parameterized
as in Ref. [20]:
fpi0 = k  ln E : (4)
In the case of the combined setup described in this paper, the total energy
is reconstructed as the sum of the energy deposit in the electromagnetic com-
partment (ELAr), the deposit in the hadronic calorimeter (ET ile), and that in the
passive material between the LAr and Tile calorimeters (Edm). Expression (2)
can then be rewritten as:


















where RLAr (RT ile) is the measured response of the LAr (Tile) calorimeter com-
partment and 1=eT ile and 1=eLAr are energy calibration constants for the LAr
and Tile calorimeters respectively [11].
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Similarly to the procedure in Refs. [11, 21], the Edm term, which accounts
for the energy loss in the dead material between the LAr and Tile calorimeters,
is taken to be proportional to the geometrical mean of the energy released in
the third depth of the electromagnetic compartment and the first depth of the
hadronic compartment (Edm =  
√
ELAr,3  ET ile,1). The validity of this ap-
proximation has been tested using a Monte Carlo simulation along with a study
of the correlation between the energy released in the midsampler and the Edm
[12, 22, 23].
The ratio (e=h)T ile = 1:30  0:03 has been measured in a stand-alone test
beam run [6] and is used to determine the (e=)T ile term in equation 5. To
determine the value of the 1=eT ile constant we selected events which started
showering only in the hadronic compartment, requiring that the energy de-
posited in each sampling of the LAr calorimeter and in the midsampler is
compatible with that of a single minimum ionization particle. The result is
1=eT ile = 0:145 0:002.
The response of the LAr calorimeter has already been calibrated to the elec-
tromagnetic scale; thus the constant 1=eLAr = 1 [11, 12]. The value of (e=h)LAr
has been evaluated using the data from this beam test, selecting events with well
developed hadronic showers in the electromagnetic calorimeter, i.e. events with
more than 10% of the beam energy in the electromagnetic calorimeter. Using







Ebeam − Edm −ET ile
RLAr=eLAr
: (6)
Fig. 4 shows the distributions of the (e=)LAr ratio for different energies, and
the mean values of these distributions are plotted in Fig. 5 as a function of the
beam energy. From a fit to this distribution using expression (3) and (4) we
obtain (e=h)LAr = 1:740:04 and k = 0:1080:004, thereby taking (e=h)LAr
to be energy independent. For a fixed value of the parameter k = 0:11 [20],
the result is (e=h)LAr = 1:77 0:02. The quoted errors are the statistical ones
obtained from the fit. The systematic error on the (e=h)LAr ratio, which is a
consequence of the uncertainties in the input constants used in the equation
(6) as well as of the shower development selection criteria, is estimated to be
0:04.
Figure 6 compares our values of the (e=)LAr ratio to the ones obtained
in Refs. [8, 9, 10] using a weighting method. The results are in good agree-
ment below 100 GeV but disagree above this energy because the weighting
method leads to a distortion of the (e=)LAr ratios. Despite this disagreement,
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fitting expression (3) to the old data leads to (e=h)em = 1:73 0:10 for [9] and
(e=h)em = 1:64 0:18 for [10] (parameter k fixed at 0.11). These values are in
agreement with our result within error bars.
In the Ref. [20] it was demonstrated that the e=h ratio for non-uranium






0:41 + fn  n=mip ; (7)
where fn is a constant determined by the Z of the absorber (for lead fn = 0:12)
[24, 25], and e=mip and n=mip represent the calorimeter response to electro-
magnetic showers and to MeV-type neutrons, respectively. These responses are
normalized to the one for minimum ionizing particles. The Monte Carlo cal-
culated e=mip and n=mip values [18] for the lead liquid argon electromagnetic
calorimeter [26] are e=mip = 0:78 and n=mip < 0:5, leading to e=h > 1:66.
The measured value of the (e=h)em ratio agrees with this prediction. Using
expression (7) and measured value of e=h we can find that n=mip is ’ 0:3.
Formula (7) indicates that e=mip is very important for understanding com-
pensation in lead liquid argon calorimeters. The degree of non-compensation
increases when the sampling frequency is also increased [24]. A large fraction
of the electromagnetic energy is deposited through very soft electrons (E < 1
MeV) produced by Compton scattering or the photoelectric effect. The cross
sections for these processes strongly depend on Z and practically all these pho-
ton conversions occur in the absorber material. The range of the electrons pro-
duced in these processes is very short,  0:7 mm for 1 MeV electron in lead.
Such electrons only contribute to the calorimeter signal if they are produced
near the boundary between the lead and the active material. If the absorber
material is made thinner this effective boundary layer becomes a larger fraction
of the total absorber mass and the calorimeter response goes up. This effect
was predicted by EGS3 simulation [27]. It leads to predictions for the GEM
[28] accordion electromagnetic calorimeter (1 mm lead and 2 mm liquid argon)
that e=mip = 0:86 and e=h > 1:83. The Monte Carlo calculations also pre-
dict that the electromagnetic response for liquid argon calorimeters (due to the
larger Z value of argon) is consistently larger than for calorimeters with plastic-
scintillator readout. The signal from neutrons (n=mip) is suppressed by a factor
0:12 and the n− p elastic scattering products do not contribute to the signal of
liquid argon calorimeters. These detectors only observe the γ’s produced by
inelastic neutron scattering (thermal neutron capture escapes detection because
of fast signal shaping) [24].
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To use expression (5) for reconstructing incident hadron energies, it is nec-
essary to know the (e=)T ile and (e=)LAr ratios, which themselves depend on
the hadron energy. For this purpose, a two cycle iteration procedure has been









1 + ((e=h)T ile − 1)  k  ln (1=eT ile  (e=)T ile  RT ile) : (8)
using the value of (e=)T ile from a previous iteration. To start this procedure, a
value of 1.13 (corresponding to f 0pi = 0:11 ln(100 GeV)) has been used.
In the second cycle, the first approximation of the energy, E, is calculated
using the equation (5) with the (e=)T ile ratio obtained in the first cycle and
the (e=)LAr ratio from equation (3), where again the iteration is initiated by
fpi0 = 0:11 ln(100 GeV).
In both cycles the iterated values are arguments of a logarithmic function;
thus the iteration procedure is very fast. After the first iteration, an accuracy
of about 0:1% has been achieved for energies in the range 80150 GeV, while
a second iteration is needed to obtain the same precision for the other beam
energies. In Fig. 7 the energy linearity, defined as the ratio between the mean
reconstructed energy and the beam energy, is compared, after a first iteration,
to the linearity obtained after iterating to a  = 0:1% accuracy, showing a good
agreement. For this reason, the suggested algorithm of the energy reconstruc-
tion can be used for the fast energy reconstruction in a first level trigger.
Fig. 7 also demonstrates the correctness of the mean energy reconstruction.
The mean value of E=Ebeam is equal to (99:5 0:3)% and the spread is 1%,
except for the point at 10 GeV. However, as noted in [11], result at 10 GeV is
strongly dependent on the effective capability to remove events with interac-
tions in the dead material upstream and to separate the real pion contribution
from the muon contamination.
Fig. 8 shows the pion energy spectra reconstructed with the e=h method
proposed in this paper for different beam energies. The mean and  values
of these distributions are extracted with Gaussian fits over 2 range and are
reported in Table 1 together with the fractional energy resolution.
Fig. 9 shows the comparison of the linearity as a function of the beam energy
for the e=h method and for the cells weighting method [29]. Comparable quality
of the linearity is observed for these two methods.
Fig. 10 shows the fractional energy resolutions (=E) as a function of 1=pE
obtained by three methods: the e=h method (black circles, also presented on the
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Table 1), the benchmark method [11] (crosses), and the cells weighting method
[11] (open circles). The energy resolutions for the e=h method are comparable
with the benchmark method and only 30% worse than for the cells weighting
method. A fit to the data points gives the fractional energy resolution for the
e=h method obtained using the iteration procedure with  = 0:1%,
=E = [(58 3)%=
p
E + (2:5 0:3)%] (1:7 0:2)=E (9)
for the e=h method using the first approximation,
=E = [(56 3)%=
p
E + (2:7 0:3)%] (1:8 0:2)=E; (10)
for the benchmark method,
=E = [(60 3)%=
p
E + (1:8 0:2)%] (2:0 0:1)=E; (11)
and, for the cells weighting method,
=E = [(42 2)%=
p
E + (1:8 0:1)%] (1:8 0:1)=E; (12)
where E is in GeV and the symbol  indicates a sum in quadrature. The sam-
pling term is consistent between the e=h method and the benchmark method
and is smaller by a factor of 1.5 for the cells weighting method. The constant
term is the same for the benchmark method and the cells weighting method and
is larger by (0:7 0:3)% for the e=h method. The noise term of about 1:8 GeV
coincide for all four cases within errors that reflect its origin in electronic noise.
Note, that from the pedestal trigger data the total noise for the two calorimeters
was estimated to be about 1.4 GeV.
4 Hadronic Shower Development
The e=h method for energy reconstruction has been used to study the energy
depositions, Ei, in each longitudinal calorimeter sampling. Table 2 lists (and
Fig. 11 shows) the differential mean energy depositions (∆E=∆z)i = Ei=∆zi
as a function of the longitudinal coordinate z for energies from 10 to 300 GeV,
with z expressed in interaction length units.
A well known parameterization of the longitudinal hadronic shower devel-





















where N is the normalization factor, and a; b; d; ! are parameters (a =
0:6165 + 0:3183  ln E, b = 0:2198, d = 0:9099− 0:0237  ln E, ! = 0:4634).
In this parameterization, the origin of the z coordinate coincides with shower
origin, while our data are from the calorimeter face and, due to insufficient lon-
gitudinal segmentation, the shower origin can not be inferred to an adequate
precision. Therefore, an analytical representation of the hadronic shower lon-



































where 1F1(; ; z) is the confluent hypergeometric function. Note that the for-
mula (14) is given for a calorimeter characterized by its X0 and I . In the
combined setup, the values of X0, I and the e=h ratios are different for elec-
tromagnetic and hadronic compartments. So, the use of formula (14) is not
straightforward for the description of the hadronic shower longitudinal profiles.
To overcome this problem, Ref. [32] suggests an algorithm to combine
the electromagnetic calorimeter (em) and hadronic calorimeter (had) curves
of the differential longitudinal energy deposition dE=dz. At first, the mean
hadronic shower develops according eq. (14) in the electromagnetic calorimeter
to the boundary value zem which corresponds to a certain integrated measured




(dE=dz)dz, the point zhad is found from the equation Ehad(zhad) =
Eem(zem)+Edm. From this point a shower continues to develop in the hadronic
calorimeter. In principle, instead of the measured value of Eem one can use the
calculated value of Eem =
∫ zem
0
(dE=dz)dz obtained from the integrated elec-
tromagnetic curve. The combined curves have been obtained in this manner.
Fig. 11 shows the differential energy depositions (∆E=∆z)i = Ei=∆zi as
a function of the longitudinal coordinate z in units of pi for the energy from
10 to 300 GeV and a comparison with the combined curves for the longitudinal
hadronic shower profiles (dashed lines). The level of agreement was estimated
using the function 2 where, following Ref. [30], the variances of the energy
depositions are taken to be equal to the depositions themselves. A significant
disagreement (P (2) < 0:1%) has been observed between the experimental
data and the combined curves in the region of the LAr calorimeter, especially
at low energies.
We attempted to improve the description and to include such essential fea-
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ture of a calorimeter as the e=h ratio. Several modifications and adjustments
of some parameters of the parameterization (14) have been tried. The con-
clusion is that replacing the two parameters b and ! in the formula (14) with
b = 0:22  (e=h)cal=(e=h)0cal and ! = 0:6  (e=)cal=(e=)0cal results in a reason-
able description of the experimental data. Here the values of the (e=h)0cal ratios
are (e=h)0em  1:1 and (e=h)0had  1:3 which correspond to the data used for the
Bock et al. parameterization [30]. The (e=)0cal are calculated using formulas
(3) and (4).
In Fig. 12 the experimental differential longitudinal energy depositions and
the results of the description by the modified parameterization (solid lines) are
compared. There is a reasonable agreement (the probability of description is
more than 5%) between the experimental data and the curves. Note, that pre-
vious comparisons between Monte-Carlo and data have shown that FLUKA
describes well the longitudinal shape of hadronic showers [11].
The obtained parameterization has some additional applications. For exam-
ple, this formula may be used for an estimate of the energy deposition in various
parts of a combined calorimeter. This is demonstrated in Fig. 13 in which the
measured and calculated relative values of the energy deposition in the LAr and
Tile calorimeters are presented. The errors of the calculated values presented
in this figure reflect the uncertainties of the parameterization (14). The relative
energy deposition in the LAr calorimeter decreases from about 50% at 10 GeV
to 30% at 300 GeV. Conversely, the fraction in the Tile calorimeter increases as
the energy increases.
5 Conclusions
Hadron energy reconstruction for the ATLAS barrel prototype combined calo-
rimeter has been carried out in the framework of the non-parametrical method.
The non-parametrical method of the energy reconstruction for a combined calo-
rimeter uses only the e=h ratios and the electron calibration constants, without
requiring the determination of other parameters by a minimization technique.
Thus, it can be used for the fast energy reconstruction in a first level trigger.
The value of the e=h ratio obtained for the electromagnetic compartment of
the combined calorimeter is 1:74  0:04 and agrees with the prediction that
e=h > 1:66 for this calorimeter. The ability to reconstruct the mean values
of particle energies (for energies larger than 10 GeV) within 1% has been
demonstrated. The obtained fractional energy resolution is [(58  3)%=pE +
(2:5  0:3)%]  (1:7  0:2)=E. The results of the study of the longitudinal
14
hadronic shower development have also been presented.
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Table 1: Mean reconstructed energy, energy resolution and fractional energy
resolution for the various beam energies.
Ebeam E (GeV)  (GeV) =E (%)
10 GeV 9:30 0:07 2:53 0:05 27:20 0:58
20? GeV 19:44 0:06 3:41 0:06 17:54 0:31
40 GeV 39:62 0:11 5:06 0:08 12:77 0:21
50 GeV 49:85 0:13 5:69 0:13 11:41 0:26
80 GeV 79:45 0:16 7:14 0:14 8:99 0:18
100 GeV 99:10 0:17 8:40 0:16 8:48 0:16
150 GeV 150:52 0:19 11:20 0:18 7:44 0:12
300 GeV 298:23 0:37 17:59 0:33 5:90 0:11
The measured value of the beam energy is 9.81 GeV.
?The measured value of the beam energy is 19.8 GeV.
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Table 2: The differential mean energy depositions ∆E=∆z (GeV=pi) as a func-
tion of the longitudinal coordinate z for the various beam energies.
N z Ebeam (GeV)
depth (pi) 10 20 40 50
1 0.294 5:45 0:08 8:58 0:16 14:3 0:2 16:6 0:4
2 0.681 4:70 0:08 9:10 0:15 16:7 0:2 20:8 0:3
3 1.026 2:66 0:06 5:55 0:11 11:1 0:2 13:6 0:2
4 2.06 1:93 0:03 4:35 0:06 8:99 0:08 11:0 0:1
5 3.47 0:87 0:02 2:13 0:04 5:29 0:06 6:15 0:10
6 5.28 0:18 0:01 0:57 0:02 1:50 0:03 2:07 0:05
7 7.50 0:025 0:003 0:11 0:01 0:32 0:01 0:49 0:02
N z Ebeam (GeV)
depth (pi) 80 100 150 300
1 0.294 22:6 0:6 28:4 0:6 36:3 0:7 61:3 1:5
2 0.681 30:4 0:4 37:6 0:5 53:5 0:8 97:9 1:7
3 1.026 20:3 0:3 25:7 0:4 37:2 0:6 68:9 1:2
4 2.06 18:0 0:1 22:4 0:2 33:9 0:3 64:8 0:7
5 3.47 11:9 0:1 14:6 0:2 23:3 0:2 49:0 0:5
6 5.28 3:66 0:06 4:57 0:08 8:18 0:13 18:6 0:3









Hadronic LAr End Cap
















0 1 2 m 
Figure 2: Schematic layout of the experimental setup for the combined LAr and
Tile calorimeters run (side view). The S3 and S4 are scintillation counters, the





































































Figure 4: The distributions of the (e=)LAr ratio for beam energies of 20 and
50 GeV (top row, left to right), and beam energies of 100 and 300 GeV (bottom














Figure 5: The mean value of the (e=)LAr ratio as a function of the beam energy.












Figure 6: The (e=)LAr ratios as a function of the beam energy. for e=h method
(black circles) and for weighting method (open circles for [9] and open squares
for [10]). The lines are the result of a fit of equations (3) and (4) with free e=h
parameter and k = 0:11: solid line is for our data, dashed line is for the [9] data













Figure 7: Energy linearity as a function of the beam energy for the e=h method
obtained using the iteration procedure with  = 0:1% (black circles) and with
























































Figure 8: The energy distributions for beam energies of 20 and 50 GeV (top
















Figure 9: Energy linearity as a function of the beam energy for the e=h method












Figure 10: The energy resolutions obtained with the e=h method (black circles),


















Figure 11: The comparison between the experimental differential mean energy
depositions at 10 GeV (crosses), 20 GeV (black top triangles), 40 GeV (open
squares), 50 GeV (black squares), 80 GeV (open circles), 100 GeV (black cir-
cles), 150 GeV (stars), 300 GeV (black bottom triangles) and the calculated
curves (14) as a function of the longitudinal coordinate z in units pi. The er-



















Figure 12: The experimental differential mean longitudinal energy depositions
at 10 GeV (crosses), 20 GeV (black top triangles), 40 GeV (open squares), 50
GeV (black squares), 80 GeV (open circles), 100 GeV (black circles), 150 GeV
(stars), 300 GeV (black bottom triangles) energies as a function of the longitu-
dinal coordinate z in units pi for the combined calorimeter and the results of

























Figure 13: Energy deposition (percentage) in the LAr and Tile calorimeters at
different beam energies. The circles (squares) are the measured energy depo-
sitions in the LAr (Tile) calorimeter, the diamonds (crosses) are the calculated
energy depositions.
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